Stored cut lettuce gradually turns brown on the cut section after several days of storage, because cutting induces phenylalanine ammonia-lyase (PAL) activity, the biosynthesis of polyphenol is promoted, and the polyphenols are oxidized by polyphenol oxidase. Here, the effect of heat shock treatment at 50 C for 90 s on the quality of cut lettuce during cold storage was examined. The heat shock treatment significantly repressed the induction of PAL activity and phenolics accumulation in cut lettuce during storage, and prevented the browning of cut lettuce. Ascorbic acid content was not affected by the heat shock treatment. The sensory analysis showed that the organoleptic quality of cut lettuce treated by heat shock was significantly better than that of the control cut lettuce. These results show that heat shock treatment is useful for prolonging the shelf life of cut lettuce.
The shelf-time of cut or shredded vegetables is often limited by enzymatic browning. During the storage of cut vegetables, their organoleptic characteristics are modified by the appearance of brown pigments, this browning being due to the oxidation of polyphenols by polyphenol oxidase (PPO; EC 1.14.18.1). 1, 2) After fruit such as apples and bananas are cut, the cut section usually turns brown within an hour. On the other hand, it takes several days for the section of cut or shredded vegetables such as lettuce and cabbage to turn brown. This time lag is considered to be due to the de novo biosynthesis of polyphenols. Mature apples contain a sufficient amount of polyphenols for rapid enzymatic browning, 3) while lettuce contains a far lower amount of polyphenols than apples.
4) The biosynthesis of polyphenols is thus considered to be a limiting factor for enzymatic browning in cut vegetable such as lettuce. Figure 1 shows the biosynthesis pathways for polyphenols and enzymatic browning. L-Phenylalanine is synthesized through the shikimate pathway, being converted to cinnamic acid by the action of phenylalanine ammonia-lyase (PAL; EC 4.3.1.5). Hydroxycinnamic acid derivatives are formed from cinnamic acid through the phenylpropanoid pathway. PAL is the ratelimiting enzyme of the phenylpropanoid pathway and is generally induced by wounding or cutting plant tissue.
5)
o-Diphenols such as dicaffeoyltartaric acid (diCTA) and 5-caffeoylquinic acid (5-CQA) formed along the phenylpropanoid pathway are oxidized by PPO to form a brown pigment when plant tissue is damaged by wounding or parasitic invasion. This metabolic pathway should operate during the cold storage of cut lettuce. Several studies have described a relationship between the PAL activity in lettuce leaves and browning. [6] [7] [8] We also showed that inhibitors of the shikimate and phenylpropanoid pathways repressed the browning of cut lettuce and that regulating polyphenol biosynthesis was essential to repress the browning.
9) Loaiza-Velarde reported that heat shock treatment at 50-60 C repressed the enzymatic browning of cut lettuce. 10) This repression was considered to be caused by the suppression of induction of PAL by cutting. 10, 11) However, there is little available data on the total quality of cut lettuce treated by heat shock. The aim of this study is to clarify the effects of heat shock treatment on the quality of cut lettuce. Here we showed that the heat shock treatment repressed the induction of PAL activity and phenolics accumulation, and prevented the browning of cut lettuce. Ascorbic acid content was not affected by the heat shock treatment. The organoleptic quality of cut lettuce treated by heat shock was definitely better than that of the control cut lettuce.
Material and Methods
Lettuce and storage. Commercially grown and harvested crisphead (Iceberg) lettuce (Lactuca sativa L.) specimens were purchased from a local wholesale y To whom correspondence should be addressed. Fax: +81-3-5978-5755; E-mail: murata@cc.ocha.ac.jp Abbreviations: PPO, polyphenol oxidase; PAL, phenylalanine ammonia-lyase; diCTA, dicaffeoyltartaric acid; 5-CQA, 5-caffeoylquinic acid; CAT, caffeoyltartaric acid; 3,5-diCQA, 3,5-dicaffeoylquinic acid; EPSP, 5-enolpyruvylshikimate-3-phosphate; EPSPS, EPSP synthase market (Tokyo, Japan) in the 2001-2002 period and used for experiments without further storage. After discarding four to five leaves, the next ten uninjured leaves were removed and 2 cm Â 4 cm midrib segments were excised starting 1 cm from the base of the leaf. Cut lettuce (about 300 g) was soaked in 1.5 l of warm water at 50 C for 90 s and then cooled by cold water at 4 C. Random samples of about 25 g (ten to twelve segments) were wrapped in clear plastic film and stored at 4 C. Four to seven lettuce samples were used as replicates in each subsequent experiment.
Evaluation of browning. The browning of the cut edges of the lettuce segments was visually evaluated. Scoring was in the range from 0 (no browning), 1 (slight browning), 2 (definite browning), to 3 (extreme browning).
Polyphenol determination. Polyphenols was measured by the Folin-Denis and HPLC methods according to the method of Hisaminato et al. 9) Segments of lettuce were homogenized with twice the weight of methanol in a PT10/35 homogenizer (Polytron, Luzern, Switzerland) and shaken for 10 min. The homogenate was filtered, and the resulting residue was extracted twice by methanol in the same way. The combined filtrate was concentrated in vacuo, and further extracted three times by ethyl acetate, the resulting extract being dried by Na 2 SO 4 and concentrated in vacuo. The crude paste obtained was dissolved in methanol, which was used for the measurement of polyphenols by the Folin-Denis method. An aliquot of this methanol solution was further passed through Sep-Pak C18 (Waters-Millipore, Milford, Massachusetts, U.S.A.) and Chromatodisk (0.45 m; Kurabo, Osaka, Japan) cartridges, before being put through to HPLC. The HPLC system was as follows: pump, L-6320 (Hitachi, Tokyo); column, YMC pack-ODS (Yamamura, Kyoto, Japan; 4:6 i.d. Â 250 mm); detector, L-4500 photodiode array detector (Hitachi, Tokyo); wavelength, 250-370 nm; eluent, CH 3 CN and 5% aqueous acetic acid (2:98) for 10 min, and then a linear gradient from 2:98 to 30:70 for 40 min; flow rate, 1.0 ml/min. Each polyphenol was measured from its peak area at 320 nm as 5-CQA. In the HPLC method, the sum of four phenolics that are 5-CQA, 3,5-dicaffeolyquinic acid (3,5-diCQA), diCTA and caffeoyltartaric acid (CTA) was regarded as the polyphenol amount.
Ascorbic acid and total vitamin C determination. A lettuce sample (about 10 g) was homogenized in 30 ml of 5% metaphosphoric acid containing 1% SnCl 2 with pestle and mortar. The supernatant was obtained by the centrifugation at 9,000 Â g for 10 min, before having the PEP, phosphoenolpyruvate; E4P, erythrose 4-phosphate; DHQ, dehydroquinic acid; S3P, shikimate 3-phosphate; EPSP, 5-enolpyruvylshikimate-3-phosphate; EPSPS, EPSP synthase; 5-CQA, 5-caffeoylquinic acid; CA, cinnamic acid; PAL, phenylalanine ammonia-lyase; CfCoA, caffeoyl-CoA; QA, quinic acid; PPO, polyphenol oxidase; diCTA, dicaffeoyltartaric acid. ascorbic acid and total vitamin C measured. Ascorbic acid and total vitamin C was measured by the hydrazine method.
12)
Enzyme extraction and assay. The procedure of Siriphanich and Kader 13) was adapted to the extraction PAL from lettuce. In a cold room (4 C) and by using a TM90 mixer (Teskom, Tokyo), the lettuce segments were homogenized with three volumes of a 0.2 M boric acid-NaOH buffer (pH 8.8) containing 5 mM mercaptoethanol. Each homogenate was filtered through four layers of cotton gauze, and the resulting filtrate was centrifuged at 12,000 Â g for 30 min. The supernatant obtained was used as a crude enzyme of PAL. The PAL activity was measured by a spectrometric method at 325 nm to detect the increase in cinnamic acid as a product.
13) The reaction solution consisted of 1.4 ml of a 0.5 M boric acid-NaOH buffer (pH 8.8), 0.2 ml of 10 mM L-phenylalanine and 0.4 ml of the crude enzyme solution. One unit of PAL activity is defined as the amount of enzyme that produced one micromole of cinnamic acid for 1 hr at 30 C.
Sensory analysis. The panel for sensory analysis was composed of 10 to 12 members (students of Ochanomizu University, female, aged 21-27 years). Appearance, aroma, crispness, flavor (taste), and total estimation of cut lettuce during cold storage were evaluated respectively on a scale of 1 to 5 (1, bad; 5, good). Fresh-cut lettuce was used as a control of score 5 (good). A statistical analysis (Student's t-test) between the control and treated samples at each storage time was done with StatView 4.0 (Abacus Concepts, Berkley, California, U.S.A.).
Total bacterial count. Each lettuce sample (about 20 g) was macerated in 200 ml of sterile phosphate buffered saline using a PH91 homogenizer (SMT Co., Tokyo). Total bacterial number was estimated by the agar plate method using Brain Heart Infusion (Difco, Detroit, U.S.A.) agar, which was incubated at 27 C for 48 h. Total bacterial count was expressed as colonyforming units (CFU)/g sample.
Results and Discussion
Effects of heat shock treatment on the browning of cut lettuce Figure 2 shows the browning of the cut section of lettuce during cold storage, the value being the mean of seven lettuce samples. Here a visually estimated score was used for the estimation of browning, because the visually evaluated score and the a-value measured by the colorimeter showed similar curves.
9) The section of the control cut lettuce without heat shock treatment gradually turned brown and we could see definitely browning after 6 days of storage. When cut lettuce was heated at 50 C for 90 s before being stored at 4 C, the degree of browning was far less than that of the control lettuce. The cut lettuce hardly turned brown for 6 days of storage (Fig. 2) . This result clearly showed that heat shock treatment before storage repressed the browning of cut lettuce during storage.
Effects of heat shock treatment on the PAL activity of cut lettuce Figure 3 shows the change in the PAL activity of cut lettuce during cold storage. The PAL activity of the control lettuce without heat shock treatment was little 
. Effects of Heat Shock Treatment on the Browning of Cut
Lettuce during Cold Storage. Cut lettuce was heated at 50 C for 90 s and then stored at 4 C (n = 7). Browning was visually evaluated (0, no browning; 1, slight browning; 2, definite browning; 3, extreme browning). Different letters show significant difference at the same storage time between the control and heat-shocked lettuce (a, b; p < 0.01).
Fig. 3. Effects of Heat Shock Treatment on the PAL Activity of Cut
Lettuce during Cold Storage. Cut lettuce was heated at 50 C for 90 s and then stored at 4 C (n = 6). Different letters show significant differences at the same storage time between the control and heat-shocked lettuce (a, b; p < 0.01). detected immediately after cutting lettuce, but definitely detected after 3 days of storage. This induction of PAL activity is due to cutting. It is well known that PAL is induced by stress such as ethylene or wounding. [6] [7] [8] [9] Cutting lettuce for minimal processing induces a stress in lettuce. On the other hand, the PAL activity of the cut lettuce treated by heat shock was only a little detected during storage. This result shows that heat shock treatment inhibits the induction of PAL by cutting.
Effects of heat shock treatment on the polyphenols of cut lettuce
Cut lettuce contained four kinds of polyphenols that are caffeoyltartaric acid (CTA), 5-CQA, CTA, and 3,5-dicaffeoylquinic acid (3,5-diCQA). They are measured by the HPLC method. The major polyphenol was diCTA, which constituted about half of the polyphenols. Polyphenol contents were estimated by the HPLC and Folin-Denis methods. The amount of polyphenols doubled after 3 days of storage and then increased a little after 6 days of storage (Fig. 4) . This increase seems to be the result of PAL induction by cutting. This tendency was similar in both methods of polyphenol measurement. The polyphenol content in the heatshocked cut lettuce was significantly lower than in the control lettuce. This difference between the control lettuce and heat-shocked lettuce corresponded with the difference in PAL activities between them. The induction of PAL activity by cutting was inhibited by the heat shock treatment, which did not lead to an increase in the polyphenol contents.
Change in vitamin C content during cold storage Vitamin C or ascorbic acid is labile and the content is an important factor of nutritional quality of lettuce. Vitamin C content is affected by various environmental factors such as growing conditions, 14) processing, 15) and storage.
16) The effects of heat shock treatment on the vitamin C content were examined by the hydrazine method. Figure 5 shows the contents of ascorbic acid Cut lettuce was heated at 50 C for 90 s and then stored at 4 C (n = 6). The contents of ascorbic acid and total vitamin C are measured by the hydrazine method. Different letters show a significant difference at the same storage time between the control and heat-shocked lettuce (a, b; p < 0.01). and vitamin C of cut lettuce during cold storage. The contents tended to a little increase during cold storage. At the day 6, the contents of ascorbic acid and total vitamin C in the control lettuce were higher than in the heat-shocked lettuce. However, there were no significant differences in the contents of ascorbic acid and total vitamin C between at the start of storage and the 6 days' storage in the heat-shocked lettuce. This result shows that heat shock treatment does not have a defective effect on the content of vitamin C.
Effects of heat shock treatment on the sensory evaluation of cut lettuce during cold storage Cut lettuce treated with heat shock and the control cut lettuce was organoleptically compared (Fig. 6) . The appearance of the control lettuce during cold storage was significantly inferior to that of the heat-shocked lettuce. There were no significant differences in the aroma and crispness (texture) between the two groups. The flavor or taste was almost similar. As a result, the total estimation of the lettuce treated by heat shock was better that that of the control lettuce.
Effects of heat shock treatment on the bacterial number of cut lettuce during cold storage Total bacterial population was measured during storage. There was no significant difference in the bacterial number between the control and heat-shocked lettuce during 6 days (Fig. 7) . However, the bacterial number in the heat-shocked lettuce was significantly higher than in the control at 12 days of storage. As the appearance of the shocked lettuce was awful at 12 days of storage, we could not eat them. It seemed that bacteria more easily grew in heat-shocked lettuce because the cell death of cut lettuce during storage was promoted by heat shock treatment. The six days of storage seems to be enough for practical use, because cut lettuce is usually stored for less than three days. It was reported that the treatment of lettuce at 50 C before or after inoculation with Escherichia coli O157:H7 did not have a marked influence on behavior of the pathogen during subsequent storage at 5 C for 15 days 17) but the population of Listeria monocytogenes in the lettuce treated at 50 C and then stored for more than 10 days at 5 C was higher than in the control lettuce.
18)
Loaiza-Velarde et al. examined the intensity and duration of heat-shock treatment on wound-induced phenolic metabolism in lettuce and showed that the treatment of 50 C for 90 s or 55 C for 60 s the most strongly repressed the increase in phenolic compounds after three days of storage. 10) Here we examined the effects of heat shock treatment at 50 C for 90 s on the quality of cut lettuce during cold storage. Cutting or wounding induces PAL synthesis in lettuce tissue, 5) which leads to the stimulation of polyphenol synthesis and the browning during storage. 8, 9) Heat shock treatment significantly inhibited the induction of PAL and the browning during storage. We do not know the detailed mechanism by which heat shock treatment inhibits the induction of PAL by cutting. It seems that heat shock changes the protein synthesis in lettuce. Exposure of plant tissue to temperature about 10 C above the normal growth temperature induces the synthesis of a unique set of proteins called heat shock proteins and protects the tissue from high temperature stress. 19) This response is ubiquitous to microorganisms, plants, and animals. When lettuce tissue is confronted with both a wound and heat shock, it seems that heat shock protein is preferentially synthesized in heatshocked cut lettuce and the synthesis of other protein such as PAL might be repressed. 11) This phenomenon suggests a hierarchical response in tissue to several abiotic stresses and that the production of heat shock proteins replaces the wound induction of enzymes. When heat-shocked cut lettuce recovers from heat shock, it seems that there is no wound signal left to induce the synthesis of PAL. Heat shock treatment did not give any deleterious effects on the sensory test and the vitamin C content. Chemical methods to prevent enzymatic browning of cut lettuce have been reported. 20, 21) Inhibitors of PAL 22) or enolpyruvyl shikimate 3-phosphate synthase 23) are effective to inhibit enzymatic browning of cut lettuce. 9, 24) However, there is no PAL inhibitor for practical use. Heat shock treatment efficiently inhibited the PAL induction and browning during cold storage without organoleptically deteriorated or deleterious effects. This treatment is easy and safe from the practical standpoint.
In conclusion, heat shock treatment for cut lettuce such as 50 C for 90 s was useful for the prolongation of the shelf life of cut lettuce.
